The construct of craving has been central to addiction research for more than 50 years. Only recently have investigators begun to apply functional neuroimaging techniques to the study of drug cue reactivity, and a small but growing number of studies implicate a distributed system of brain regions in the pathogenesis of craving. The internal consistency of this burgeoning literature has thus far been disappointing, however, leaving open the question of which brain regions contribute to craving. Here we review neuroimaging studies of cue-elicited craving in the context of a framework drawn from behavioral research indicating that perceived drug use opportunity significantly affects responses to the presentation of drug cues. Using this framework provides a way to reconcile discrepant findings among brain-imaging studies of cue-elicited craving.
amygdala (7 of 18 studies; not assessed by ref. 15) 9, 11, 12, [16] [17] [18] [19] , DLPFC (8 of 19) 8, 9, 11, 14, 17, [20] [21] [22] and ACC (10 of 19) 8, 10, 12, 14, 16, 18, 20, [22] [23] [24] . To date, conflicting results have been largely ignored or vaguely attributed to inter-study methodological variance 9, 19, 21, 25 . No framework has yet been offered that sufficiently accounts for the pattern of results observed across studies.
Contextual modulation of cue reactivity
Many of these contradictory findings may be reconciled by attending to psychological factors that affect drug craving. Recent behavioral studies have shown that cue reactivity may be modulated by the context associated with cue presentation. One contextual factor that significantly influences the response to drug cues is whether or not participants anticipate actually using the drugs to which they are being exposed (perceived drug use opportunity) 26 . When instructed that drugs are available for consumption during an experiment, drug users report substantially higher craving on being presented with drug cues than when instructed that drugs are not available for an extended period of time or until after the experiment has concluded [27] [28] [29] . Affective 27, 30 and cognitive processes 28, 31 are also differentially influenced by drug cue presentation as a function of whether or not drug use is expected. Similarly, physiological responses thought to reflect arousal, such as skin conductance 2 , heart rate 32 and asymmetrical frontal electrocortical activity 33 , are heightened in contexts predictive of impending drug use. Many of these effects transfer to arbitrary stimuli (for example, colored cards) that come to be associated with the opportunity, or lack thereof, to consume 32, 34, 35 .
Effects of treatment status mirror the effects observed with manipulations of perceived availability in laboratory settings. Samples of drug users not seeking treatment (and thus perceiving drug use opportunity after experimental participation) consistently show greater cue reactivity (that is, greater cue-elicited craving) than samples of drug users who are actively seeking or undergoing treatment (which presumably precludes the anticipation of post-study drug use) 26 . It also is possible that treatment status may affect neurobiological responses to drug cues. the context of human drug craving. However, an emerging literature indicates that the neural basis for adaptive processing of incentive stimuli may be mediated by specific regions of the PFC [37] [38] [39] . The two PFC regions that have received the most attention vis-à-vis craving are the OFC 6,40 and DLPFC 9, 11, 41 . The OFC is thought to contribute to goal-directed behavior through the assessment of the motivational significance of stimuli and the selection of behavior to obtain desired outcomes 42 . The OFC has extensive connections with the striatum as well as limbic regions (such as the amygdala) and, as a result, is well situated to integrate the activity of several limbic and subcortical areas associated with motivational behavior and reward processing 36 .
The DLPFC also contributes to regulatory processing under conditions requiring the integration of cognitive and motivationally relevant information 43 , possibly by integrating information provided by the OFC and other regions with which it is connected 36 . The DLPFC is centrally involved in reward processing and decision making, particularly when information must be maintained over a delay or when multiple sources of information must be used to guide behavior 37 .
Taken together, converging evidence indicates that treatment-seeking status may influence neurobiological responses to drug cues, particularly in specific subregions of PFC. Notably, of 19 neuroimaging studies of cue-elicited craving, 10 recruited individuals actively using drugs [8] [9] [10] [11] [12] [13] 17, [20] [21] [22] and the other 9 recruited individuals seeking or receiving treatment for drug addiction 14, 16, 18, 19, 23, 24, 44, 45 . Thus, variability across these studies may reflect, in part, an unappreciated effect of drug use expectations on cue-elicited neural activity 46 . Table 1 presents DLPFC and OFC activation in studies categorized according to whether or not participants were seeking drug treatment at the time of study participation. Studies were included if they exposed participants to drug-related cues. Cue exposure could be accomplished through a variety of methods (such as holding a cigarette or viewing a video of cocaine use). As shown, activation of the DLPFC and OFC has been found in the majority of studies in which participants were active drug users. In contrast, studies involving treatment-seeking participants have, with one exception, not found significant activation of the DLPFC and OFC.
As mentioned, brain regions besides the DLPFC and OFC have been implicated in cue-elicited craving. Interestingly, the incidence of significant activation of other regions commonly associated with craving (such as amygdala) is approximately equally distributed across studies involving actively using and treatment-seeking drug users, indicating that the effects of treatment status may be most robust in these subdivisions of PFC. One possibility is that the amygdala is less sensitive than are the DLPFC and OFC to aspects of craving that differ between drug-addicted individuals who are seeking treatment and those who are not (for instance, differences in the intensity of the craving state produced by cue exposure). It does not seem, however, that the amygdala is simply activated at a lower threshold than are these subdivisions of PFC. Significant activation of the amygdala, a region strongly linked to conditioned drug-seeking responses in animal models of craving 4 , has been reported by fewer studies than significant activation of the DLPFC and OFC. A second possibility is that the consideration of methodological factors not addressed here may help explain the conditions under which the amygdala and other regions are activated in response to drug cues, although an inspection of available data shows that obvious candidate factors (such as differences in imaging modality, craving-induction technique and addictive substance) do not readily provide such an explanation. 
Functional significance
Increased cue-elicited activation of the DLPFC and OFC when drug use is anticipated may reflect explicit representation of this expectancy (by OFC) and the generation and maintenance of behavioral goals aimed at obtaining drug reward (by DLPFC) 5, 9, 41 . OFC neurons are more active during delay periods when rewards are expected than when no such reward is expected 47 . Similarly, DLPFC neurons encode reward expectancy during a delay 38, 43 . Moreover, delay activity of DLPFC neurons been shown to predict subsequent behavioral responses in rewarded tasks 38 . Lesions both of the OFC 42 and of rat prelimbic cortex 39 (the functional homolog of the nonhuman primate and human DLPFC) impair the acquisition and modification of behavior guided by contingencies between responses and outcomes, indicating that these regions may be crucial for the control of goal-directed behavior.
Summary
The burgeoning literature examining neurobiological responses to drug cues thus far has yielded a complex and contradictory pattern of findings. This review makes clear that variables relating to participant characteristics, such as treatment status, are crucial factors that may reconcile otherwise discrepant findings. Specifically, we observed across multiple studies that the treatment-seeking status of the participants influenced PFC activation by drug cues. Our review suggests that the two most investigated prefrontal regions (OFC and DLPFC) may process drug cues in a context-dependent manner. We find that activation in these two areas is reliably produced in cueexposure studies of drug-addicted individuals who are still actively using. In contrast, these regions are rarely activated among patients preparing to quit. Our interpretation of this pattern of results has emphasized perceived drug use opportunity as a factor differentiating drug-using participants seeking treatment from those who are not. There are several possible ways in which treatment-seeking and non-treatmentseeking participants may differ, however, that could contribute to the observed findings (including their history of drug use, number of attempts at abstinence and exposure to abstinence promotion materials). Therefore, the degree to which perceived opportunity and other factors related to treatment-seeking status account for these data awaits direct investigation.
There are several potential mechanisms by which drug use expectancy may influence neurobiological responses to drug-cue presentation in addition to that discussed above (that is, goal-directed processing under conditions in which drug use is expected). For example, those seeking treatment may be motivated to maintain abstinence and therefore may attempt to inhibit cue-elicited craving, perhaps through the use of techniques acquired during treatment 26 . It is quite possible that such efforts to inhibit would produce a different pattern of neural activation compared to the eager anticipation of future drug use. Indeed, in the latter case one might even be motivated to process information in a manner that promotes drug use (i.e., 'indulging their urge'; see ref. 26) .
Moreover, it is likely that perceived drug use opportunity produces different effects in different contexts. For instance, the pattern of neural activity elicited by drug cues in drug-addicted individuals entering treatment may significantly differ from that produced in actively using addicts who are explicitly told that they cannot consume for a long period of time. In the former case, individuals do not intend to consume drugs because they are trying to quit (they are abstinence seeking), whereas in the latter circumstance individuals desire to seek and consume drugs, but are prevented from doing so by situational constraints (they are abstinence avoidant) 48 . Future research is desirable to examine these different ways in which perceived drug use opportunity can be manipulated and, more importantly, whether they produce different patterns of neural activation.
Nonetheless, it is readily apparent that factors such as treatmentseeking status must be considered in the design and interpretation of neuroimaging studies of craving. Conceptually, these findings indicate that craving is a complex phenomenon involving both cognitive and affective processes. They also indicate that it may be unwise to consider craving to be a unitary construct. Rather there may be more than one type of craving elicited by drug cues (for example, as a function of perceived drug use opportunity), each with its own behavioral presentation and neurobiological underpinnings 30, 49 .
